Introduction

32
Animal development is characteristically robust so that it generates a reliable phenotype in the 33 face of environmental and genetic perturbation. Nevertheless, very little is known of how 34 developmental robustness is regulated at the organismal level. Experiments in Drosophila larvae 35 have demonstrated that perturbing the growth of individual imaginal discs (precursors of the adult 36 organs) delays pupation, as much as doubling the duration of the larval period (Halme et al., 37 2010; Russell, 1974; Simpson et al., 1980; Simpson and Schneiderman, 1975; Stieper et al., 38 2008 ). This appears to be a robustness mechanism to ensure that the growth-perturbed disc has 39 sufficient developmental time to regenerate before metamorphosis. Despite this extension of the 40 larval period, however, neither the body as a whole nor the undamaged discs within it grow 41 beyond their wild-type size (Halme et al., 2010; Stieper et al., 2008) . Rather, mechanisms exist to 42 ensure that all organs attain their correct size by the end of development. The nature of these 43 mechanisms is poorly understood. 44
There are two mechanisms that could prevent organ overgrowth in Drosophila larvae where 45 metamorphosis is delayed due to slow growth of an individual imaginal disc. The first mechanism 46 is that discs possess an endogenous growth control mechanisms that arrests growth when they 47 expressed show a reduction in growth rate ( Figure 1A ). We refer to these wing discs as Minute-140 wings and to the larvae that carry them as Minute-winged larvae (although technically the wing 141 imaginal disc has the anlagen for both the adult wing and the notum of the thorax). As has 142 previously been reported (Stieper et al., 2008) , Minute-winged larvae show a substantial delay in 143 development, predominantly through extension of the third larval instar ( Figure 1B ). Despite this 144 extension of the larval growing period, Minute-winged larvae pupariate at the same size as wild-145 type controls (Stieper et al., 2008) . Further, they generate adults in which the size of the adult 146 organs are more-or-less normal (Stieper et al., 2008 ) (with the caveat that Minute-winged flies 147 have a low eclosion rate and so the observation may not hold true for those flies that die before 148 adult eclosion). 149
While A9 does not drive expression in any other disc (Supplemental Figure S1 ), it does drive low 150 levels of expression in the brain (Supplemental Figure S1 ), which produces a number of growth 151 regulatory hormones. It is possible that the developmental delay in A9>RpS3.RNAi is a 152 consequence of RpS3.RNAi directly disrupting the synthesis of growth hormones by 153 neurosecretory cells. To exclude this possibility we co-expressed A9>RpS3.RNAi with elav-154 GAL80, which drives pan-neuronal expression of GAL80, the inhibitor of GAL4 (Supplemental 155 Figure S2A ). Elimination of neuronal expression of RpS3.RNAi in Minute-winged larvae did not 156 attenuate the developmental delay (Supplemental Figure S2C) . We also used a second wing-157 specific driver, P{GawB}Bx (here referred to as 'Bx'), again in combination with elav-GAL80, to 158 slow growth of the wing discs and observed a similar developmental delay but without larval 159 overgrowth (Supplemental Figure S2B, 
C & D). 160
How then is overgrowth of imaginal tissue prevented in developmentally-delayed Minute-winged 161 larvae? As discussed above, overgrowth can either be prevented by discs autonomously growing 162 to a target size, or by growth-perturbed discs signaling their condition to the other discs in the 163 body and slowing their growth also. To separate these two hypotheses we measured the 164 ontogenetic allometries between wing-disc size and leg-and eye-antennal disc size in the Minute-165 winged and control third instar larvae. An ontogenetic allometry is the scaling relationship 166 between two organs through development (Figure 2A ). When this scaling relationship is plotted 167 on a log-log scale, the slope of the allometry at any point gives the ratio of the logarithmic growth 168 rates (exponential growth constant) of the two organs (Cock, 1966) . The logarithmic growth rate 169 is If imaginal discs grow autonomously to a target size, then slowing the growth of one disc will 170 change the ratio of its logarithmic growth rate with any other disc and change the slope of their 171 ontogenetic allometry ( Figure 2B ). Conversely, if growth is coordinated among discs, then slowing 172 the growth of one disc will slow the growth of the other discs and maintain the ratio of their 173 logarithmic growth rates, leaving the slope of their ontogenetic allometries unchanged (Figure  174   2B ). 175 Figure 3 shows the growth rate of the eye-antennal and leg discs in Minute-winged and wild-type 176 control larvae, and the ontogenetic allometry of each of these discs against wing-disc size. 177
Slowing the growth of the wing discs resulted in a substantial non-autonomous reduction in the 178 growth rate of the eye-antennal and third-leg discs ( Figure 3A & B) . Remarkably, the slope of the 179 ontogenetic allometries between the wing discs and eye-antennal or third-leg discs was the same 180
in Minute-winged and wild-type control larvae ( Figure 3E & F) . Thus, the reduction in growth rate 181 of the wing discs in Minute-winged larvae is matched with a corresponding reduction in growth 182 rate of the third-leg and eye-antennal discs; that is growth among these discs is tightly 183 synchronized. The ontogenetic allometries were not those expected if the eye-antennal and third-184 leg discs grew independently of the wing discs (gray lines, Figure 3E & F) . 185
Slowing the growth of the wing discs also substantially slowed the growth of the first and second 186 leg discs ( Figure 3C & D) . However, it also altered their ontogentic allometry with the wing discs: 187 the allometries were slightly but significantly shallower in Minute-winged larvae compared to wild-188 type controls ( Figure 3G & H) . This indicates a reduction in the growth rate of these leg discs 189 relative to the wing discs throughout the third larval instar. At the same time both the first and 190 second leg discs were larger relative to the wing disc at the beginning of the third instar compared 191 to controls ( Figure 3C & D) . Collectively these data suggest that growth in the first and second leg 192 discs is accelerated relative to the wing discs early in the development of Minute-winged larvae, 193 and reduced later in development. This is consistent with their growing autonomously to a target 194 size. Nevertheless, the ontogenetic allometries of these discs were not those expected if they 195 grew completely independently of the wing discs (gray lines, Figure 3G However, the ontogenetic allometries between wing disc and body size indicates that the body of 203
Minute-winged larvae grew at a faster rate relative to the wing disc during the third larval instar, 204 compare to controls (common slope test, P < 0.0001, Figure 4B ). At the same time, body size 205 of Minute-winged larvae was smaller relative to wing size at the beginning of the third larval 206
instar. This suggests that, when the wing is growth-perturbed, growth of the body is decelerated 207 relative to the wing discs before ecdysis to the third instar but accelerated subsequently. This is 208 the opposite pattern to that seen in the first and second leg imaginal discs. Nevertheless, the 209 body did not grow at a rate expected if its growth were independent of wing disc growth (gray line, 210 Figure 4B ). 211
To further explore how growth of the body is affected by slow-growth of the wing imaginal discs, 212
we examined the size of the mouth-hooks of first-, second-and third-instar Minute-winged larvae. Drosophila (Riddiford, 1993) . We therefore examined whether perturbing the growth of the wing 230 imaginal discs in A9>RpS3.RNAi slowed the growth of the PG, and found that it did ( Figure 5A) . 231
Thus the developmental delay observed in Minute-winged larvae may, in part, be a consequence 232 of growth retardation of the PG and a resulting reduction in ecdysteroidgenesis. To test this we 233 assayed the level of ecdysone activity by measuring the transcriptional activation of the ecdysonesignaling target E74B, which in wild-type larvae begins increasing expression 24 hours into the 235 third larval instar in response to an increase in the ecdysone titre (Caldwell et al., 2005) . 236 Consistent with our hypothesis, E74B expression was significantly reduced 24 hours after the 237 molt to the third instar in A9>RpS3.RNAi larvae relative to wild-type controls ( Figure 5B ). 238
Ecdysone rescues developmental time and disc growth retardation in 239 larvae with growth-perturbed wing discs.
240
If the developmental delay in larvae with growth-perturbed wing discs were a consequence of 241 reduced level of ecdysteroid synthesis, feeding such larvae with ecdysone should suppress this 242 developmental delay. To test this, we fed Minute-winged (Bx>RpS3.RNAi) larvae 20-243 hydroxyecdysone (the active form of ecdysone) 92 hours after egg-laying. The result was a 244
shortening of the delay in pupariation, so that Minute-winged larvae pupariated at the same time 245
as wild-type controls ( Figure 5C ). Thus 20E levels appear rate limiting for pupariation in Minute-246 winged larvae. 247
Previous studies have indicated that ecdysone signaling is necessary for disc growth in hypothesis is therefore that reduced ecdysteroidgenesis in Minute-winged larvae not only 251 accounts for their developmental delay, but also for the reduced growth rate of their discs. If this 252 hypothesis were correct, then 20E application should suppress systemic disc-growth retardation 253
in Minute-winged larvae (Bx>RpS3.RNAi). To test this we fed 20E to Minute-winged larvae 12 254 hours after they molted to the third larval instar (AL3) and measured their disc growth every 12 255 hours. Growth of the third-leg disc was almost completely rescued to a wild-type rate after 256 application of 20E ( Figure 5D ). Thus 20E levels appear to be rate limiting for disc growth in 257
Minute-winged larvae. More importantly, feeding 20E to Minute-winged larvae changed the 258 ontogenetic allometry between the third leg-disc and the wing disc ( Figure 5E ), indicating a 259 change in their relative logarithmic growth rates. Indeed, the ontogenetic allometry resembled that 260 expected if growth of the third-leg disc were independent of growth of the wing disc ( Figure 2B ). 261
In contrast, when 20E was fed to control larvae, growth of the wing and third-leg discs remained 262 tightly coordinated ( Figure S3A ). Thus application of 20E appeared to disrupt the coordination of 263 growth between the growth-perturbed wing discs and the other discs. 264
Collectively, these data support the hypothesis that a growth-perturbed disc retards growth in 265 other discs by suppressing the synthesis of ecdysteroids, which normally promotes disc growth. 266
Direct application of 20E appears to override this suppression of ecdysteroidgenesis and rescues 267 growth of the other discs. However, an alternative hypothesis is that application of 20E rescues 268 disc growth by eliminating the effect of RpS3.RNAi expression on wing growth.
Several pieces of evidence suggest that the effect of 20E application on disc growth is not a 270 consequence of 20E addressing the defect caused by RpS3 knock down in the wing disc. First, 271 even though application of 20E did increase growth of the Minute wing, it did not restore it to a 272 wild-type rate as it did for the third-leg discs ( Figure S3B ), which accounts for the change in the 273 ontogenetic allometry between these discs ( Figure 5E ). Indeed, 48 hours after ecdysis to the third 274
instar (approximately at the time 20E-fed larvae pupariated) the size of the Minute-wing discs was 275 not significantly different in Minute-winged larvae with and without 20E application ( Figure S3B) . 276
Second, the growth response of the Minute-wing to 20E was primarily in the region of the wing 277 outside of the Bx domain of RpS3.RNAi expression: the Bx domain occupied a smaller proportion 278 of the total wing disc in Minute-winged larvae that had been treated with 20E compared to larvae 279 not fed 20E ( Figure S3C ). This was not observed in control larvae fed 20E ( Figure S3D the rescue. To test this we co-expressed a dominant negative against the ecdysone receptor 287 (EcR.DN) along with RpS3.RNAi. We found that the effect of 20E on the growth of other discs 288 was unchanged, suggesting that the rescue of growth in the third-leg disc was not contingent on 289 ecdysone signaling in the growth perturbed part of the wing disc ( Figure S3F) . 290
Ecdysone did not rescue growth of the body as a whole in Minute-winged larvae. Wild-type larvae 291
show a decline in body size towards the end of the third instar ( Figure 4A ), which is a 292 consequence of their stopping feeding as they wander and search for a pupariation site (Church 293 and Robertson, 1966). The same phenomenon was observed in Minute-winged larvae, albeit in 294 older larvae ( Figure 4A ). Feeding 20E to Minute-winged larvae 12 hours after ecdysis to the third 295 instar did not accelerate body growth but rather advanced larval wandering and caused a decline 296 in larval body size ( Figure 5F ). This suggests that ecdysone affects growth of the imaginal discs 297 differently than growth of the body as a whole in Minute-winged larvae. 298
299
Discussion
300
These data indicate that, when the growth rate of an individual organ is slowed, other organs non-301 autonomously slow their growth so that the size relationship among organs is the same as in wild-302 type larvae, throughout development. These data reveal an unexpected level of growth 303 coordination among organs in a developing animal and support the hypothesis that individual 304 organs are able to detect their own growth rate and signal their condition to tissues around the 305 body. The result is a robust developmental system that generates correctly proportioned animals 306 despite growth perturbation of individual organs. 307
The synchronization of growth among discs is surprising given several studies that suggest discs 308 grow autonomously to their target size. Bryant and Levinson cultured discs in the abdomens of 309 adult flies and showed that they grow to their wild-type size, albeit at a very reduced rate (Bryant 310 and
compartments. In particular, the wild-type discs and compartments were disproportionately large 314
and developmentally advanced at early third instar compared to Minute/+ discs or neighboring 315 compartments. Based on these data, they suggested that discs possess an autonomous 316 mechanism that arrest growth once a disc has reached final size, and that this mechanism 317 functions independently in developmental compartments within the disc (Martin and Morata, 318
2006). 319
Whilst discs may possess a target size, our data suggest that they do not grow independently to 320 this size, at least in vivo. Growth of the eye-antennal and third leg discs was tightly coordinated 321 with growth of the wing disc even when the wing disc was growth perturbed. Growth of the first 322 and second leg discs was more independent, but nevertheless still substantially reduced by the 323 presence of a slow growing wing disc. Consequently, in developing larvae growth and the 324 cessation of growth appears to be largely coordinated across the body as a whole. Whilst these 325 results are surprising in light of previous studies, the hypothesis that disc growth is coordinated in 326 Drosophila has intuitive appeal. Many of the developmental events that occur while the imaginal 327 discs are still growing are directed by humeral signals, in particular ecdysone (Baehrecke, 1996; 328 Richards, 1981) . Only by coordinating growth among organs can a larva ensure that all discs 329 receive the same developmental signals at the appropriate size. For example, differentiation in 330 the eye proceeds as a dorso-ventral morphognetic furrow that sweeps anteriorly across the 331 retinal primordium (Tomlinson and Ready, 1987). The movement of this furrow is regulated by 332 ecdysteroids (Brennan et al., 1998) and begins approximately 25 hours before pupariation, while 333 the disc is still growing (Basler and Hafen, 1989) . If the eye-antennal disc grew at a wild-type rate 334 in larvae where the release of ecdysone were delayed by a growth-perturbed wing, the furrow 335 would be initiated in a much larger eye-antennal disc than normal, possibly after the disc had 336 stopped growing. 337
How then is growth coordinated among organs so that they all receive these humoral 338 developmental signals at the appropriate size? Our data suggest that it is the humoral signals 339 themselves, specifically ecdysone, that is mediating growth coordination. Previous research hasshown that the developmental delay observed in larvae with damaged discs is a consequence of 341 low levels of ecdysteroidgenesis (Halme et al., 2010; Sehnal and Bryant, 1993) , and our data 342
show that the same is true for larvae with Minute-wings. Several studies have also indicated that 343 organ-autonomous ecdysone signaling is necessary for disc growth, both in vitro and in vivo 344 (Brennan et al., 1998 ; Martin and Shearn, 1980; Mirth et al., 2009 ). An appealing hypothesis is 345 therefore that the systemic suppression of disc growth in Minute-winged larvae is due to an 346 inhibition of ecdysteroidgenesis, which suppresses ecdysone signaling in the non-growth-347 perturbed discs and slows their growth. This hypothesis is supported by our data, although not 348 conclusively. Ideally we would like to elevate ecdysone signaling autonomously in the non-349 growth-perturbed discs. This is technically difficult. Figure 5D ). Most of the larval body comprises larval tissue, which may respond differently to 373 ecdysone than imaginal tissue. Consequently, growth-perturbed discs may affect body growth 374 and disc growth differently, through different mechanisms. This is supported by our finding that 375 growth is less coordinated between the slow-growing wing disc and the body than between theslow-growing wing discs and other discs. Specifically, the body of Minute-winged larvae grew 377 disproportionally slower during the second larva instar and disproportionally faster during the third 378 larval instar. The PG also grows through endoreplication, and so the same mechanism that 379 retards the growth of the body in Minute-winged larvae may retard the growth of the PG. 380 A recent study by Mesquita et al (Mesquita et al., 2010) revealed that growth is also coordinated 381 among developmental compartments within imaginal discs. They slowed the growth of the 382 anterior compartment of the wing imaginal disc and showed that this results in a non-autonomous 383 decrease in the growth of the adjacent posterior compartment. We have also explored whether 384 growth is coordinated between the anterior and posterior compartment of the wing disc, using 385
Minute mutations to manipulate growth rate, and observed the same effect (unpublished data). 386
Mesquita et al further demonstrate that this coordination is mediated by Drosophila p53 and the 387 activation of the apoptosis machinery in the growth-retarded compartment. RpS3.RNAi 388 expression also elevates apoptosis in the wing-imaginal disc ( Figure S3 ). The apoptosis 389 machinery may therefore provide a mechanism through which both discs and compartments 390 recognize that they are growth-retarded. Whether the coordination of growth among 391 compartments is also mediated by ecdysone signaling is, however, unknown. 392
The last decade has seen a large number of studies concerning the molecular and physiological 393 mechanisms that regulate growth in holometabolous insects specifically and animals in general. Minute-winged and control larvae. 588 (C) The size of the third-instar mouthparts are reduced in A9>RpS3.RNAi larvae relative to wild-589 type controls. Since the duration of the second instar is the same in both genotypes ( Figure 1B) , 590 this suggests that the body's growth rate was reduced relative to the wings during the second 591 instar in Minute-winged larvae. 592 Supplemental Figure S3 
